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Availability, low prices, and a high degree of reduction make glycerol an ideal feedstock to produce reduced
chemicals and fuels via anaerobic fermentation. Although glycerol metabolism in Escherichia coli had been
thought to be restricted to respiratory conditions, we report here the utilization of this carbon source in the
absence of electron acceptors. Cells grew fermentatively on glycerol and exhibited exponential growth at a
maximum specific growth rate of 0.040 = 0.003 h™'. The fermentative nature of glycerol metabolism was
demonstrated through studies in which cell growth and glycerol utilization were observed despite blocking
several respiratory processes. The incorporation of glycerol in cellular biomass was also investigated via
nuclear magnetic resonance analysis of cultures in which either 50% U-">C-labeled or 100% unlabeled glycerol
was used. These studies demonstrated that about 20% of the carbon incorporated into the protein fraction of
biomass originated from glycerol. The use of U-*C-labeled glycerol also allowed the unambiguous identifica-
tion of ethanol and succinic, acetic, and formic acids as the products of glycerol fermentation. The synthesis
of ethanol was identified as a metabolic determinant of glycerol fermentation; this pathway fulfills energy
requirements by generating, in a redox-balanced manner, 1 mol of ATP per mol of glycerol converted to
ethanol. A fermentation balance analysis revealed an excellent closure of both carbon (~95%) and redox
(~96%) balances. On the other hand, cultivation conditions that prevent H, accumulation were shown to be
an environmental determinant of glycerol fermentation. The negative effect of H, is related to its metabolic
recycling, which in turn generates an unfavorable internal redox state. The implications of our findings for the
production of reduced chemicals and fuels were illustrated by coproducing ethanol plus formic acid and

ethanol plus hydrogen from glycerol at yields approaching their theoretical maximum.

Glycerol has become an inexpensive and abundant carbon
source due to its generation as an inevitable by-product of
biodiesel fuel production. With every 100 Ib of biodiesel pro-
duced by transesterification of vegetable oils or animal fats, 10
Ib of crude glycerol is generated (38). The tremendous growth
of the biodiesel industry has created a glycerol surplus that
resulted in a dramatic 10-fold decrease in crude glycerol prices
over the last 2 years (38). This decrease in prices represents a
problem for the glycerol-producing and -refining industries,
and the economic viability of the biodiesel industry itself has
been greatly affected (16, 17, 38). Clearly, the development of
processes to convert crude glycerol into higher-value products
is an urgent need. The use of glycerol as feedstock in fermen-
tation processes has yet another advantage: i.e., given the
highly reduced nature of carbon atoms in glycerol, fuels and
reduced chemicals can be produced from it at higher yields
than those obtained from common sugars such as glucose or
xylose (38). To fully realize these advantages, the use of an-
aerobic fermentations is highly desirable.

Although many microorganisms are able to metabolize glyc-
erol in the presence of external electron acceptors (respiratory
metabolism), few are able to do so fermentatively (i.e., absence
of electron acceptors). Fermentative metabolism of glycerol
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has been reported in species of the genera Kiebsiella,
Citrobacter, Enterobacter, Clostridium, Lactobacillus, Bacillus,
Propionibacterium, and Anaerobiospirillum (see reference 38
and references cited therein). However, the potential for using
these organisms at the industrial level could be limited due to
issues that include pathogenicity, requirement of strict anaer-
obic conditions, need of supplementation with rich nutrients,
and unavailability of the genetic tools and physiological knowl-
edge necessary for their effective manipulation. The use of
microbes such as Escherichia coli, an organism very amenable
to industrial applications, could help overcome the aforemen-
tioned problems. Metabolism of glycerol in E. coli, however,
has been thought for many years to require the presence of
external electron acceptors (2, 15, 24, 25). The respiratory
pathways mediating this metabolic process involve a glycerol
transporter (encoded by glpF), a glycerol kinase (encoded by
glpK), and two respiratory glycerol-3-phosphate dehydroge-
nases (G3PDHs), the latter encoded by the glpD and glpABC
operons (3, 22, 31, 36) (Fig. 1).

Unlike previous reports, recent studies in our laboratory
indicate that E. coli can anaerobically ferment glycerol (7). Our
findings represent a promising solution to the aforementioned
problems as they could facilitate the development of E. coli-
based platforms to convert low-value raw glycerol to higher-
value reduced chemicals and fuels at yields higher than those
obtained from common sugars (38). Since in our previous
study we reported that glycerol fermentation in E. coli requires
the supplementation of the medium with rich nutrients (7),
part of this study focuses on demonstrating the fermentative
nature of the process and the use of glycerol in the synthesis of
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FIG. 1. Respiratory metabolism of glycerol in E. coli. Glycerol dis-
similation in the presence of electron acceptors is mediated by an
ATP-dependent glycerol kinase (GK, coded for by glpK) and two
respiratory G3PDHs (aerobic and anaerobic enzymes, encoded by
glpD and glpABC, respectively). Abbreviations: DHAP, dihydroxyac-
etone phosphate; GK, glycerol kinase; ae-G3PDH, aerobic G3PDH;
H, reducing equivalents (H = NADH/NADPH/FADH,); PYR,
pyruvate.

cell mass. We also investigate here the role of the main fer-
mentative pathways, the effect of cultivation conditions such as
pH, and the nature of the gas atmosphere and illustrate the
usefulness of our findings through the coproduction of ethanol
and formic acid and ethanol and hydrogen from glycerol.

MATERIALS AND METHODS

Strains, plasmids, and genetic methods. Wild-type E. coli strains MC4100
(ATCC 35695), W3110 (ATCC 27325), and B (ATCC 11303) were obtained
from the American Type Culture Collection (ATCC, Manassas, VA). K-12 strain
MG1655 (F~ N~ ilvG rfb-50 rph-I) and the following otherwise isogenic deriv-
atives were obtained from the University of Wisconsin E. coli Genome Project
(www.genome.wisc.edu): FB21196 (glpD: TnSKAN-I-Scel), FB20724 (glpA::
TnSKAN-I-Scel), FB21553 (glpK::TnSKAN-I-Scel), FB20272 (adhE:: Tn5KAN-
I-Scel), FB20752 (pta:Tn5SKAN-I-Scel), FB21716 (frdA:: Tn5KAN-I-Scel),
FB20228 (cydA:TnSKAN-I-Scel), FB20172 (cyoB::TnSKAN-I-Scel), FB23319
(fixA::Tn5KAN-I-Scel), and FB20908 (hycB::Tn5KAN-I-Scel). These strains
carry a transposon (Tn5) insertion mutation in the specified gene (12). Plasmid
pCA24N (referred to here as pPCA24NAdIE) expressing the gene adhE from the
IPTG (isopropyl-B-D-thiogalactopyranoside)-inducible promoter pT5/lac (14)
was used in complementation studies. pCA24NAdhE was obtained from the
Genome Analysis Project Japan (http://ecoli.aist-nara.ac.jp/), transformed into
E. coli strains, and selected on Luria-Bertani (LB) plates supplemented with 34
pg/ml chloramphenicol. Gene expression was induced with 10 uM IPTG. Stan-
dard recombinant DNA procedures were used for plasmid isolation and elec-
troporation (26). The strains were kept in 32.5% glycerol stocks at —80°C. Plates
were prepared using LB medium containing 1.5% agar, and appropriate antibi-
otics were included as needed at the following concentrations: 34 wg/ml chlor-
amphenicol and 50 pg/ml kanamycin.

Culture medium and cultivation conditions. The minimal medium (MM)
designed by Neidhardt et al. (18) supplemented with 2 g/liter tryptone (Difco), 5
M sodium selenite, 1.32 mM Na,HPO, in place of K,HPO,, and 110 mM of
glycerol was used, unless otherwise specified. MOPS (morpholinopropanesul-
fonic acid) was only included in the inoculum preparation phase or in experi-
ments conducted in tubes (see below). Chemicals were obtained from Fisher
Scientific (Pittsburgh, PA) and Sigma-Aldrich Co. (St. Louis, MO).

Fermentations were conducted in a SixFors multifermentation system (Infors
HT, Bottmingen, Switzerland) with six 500-ml-working-volume vessels and inde-
pendent control of temperature (37°C), pH, and stirrer speed (200 rpm) (7). The
system is fully equipped and computer controlled using the manufacturer’s IRIS
NT software. Each vessel is fitted with a condenser to minimize evaporation,
which was operated with a 0°C cooling methanol-water supply. Anaerobic con-
ditions were maintained by initially sparging the medium with ultra-high-purity
argon (Matheson, Tri-Gas, Houston, TX) and thereafter flushing the headspace
with the same gas at 0.01 liter per min. An oxygen trap (Alltech Associates, Inc.,
Deerfield, IL) was used to eliminate traces of oxygen from the gas stream. In
some experiments (specified in each case), carbon dioxide or hydrogen was also
included in the gas phase. An experiment designed to assess the incorporation of
glycerol into proteinogenic amino acids in cell mass was conducted using 17-ml
Hungate tubes (Bellco Glass, Inc., Vineland, NJ), which were modified by pierc-

FERMENTATIVE UTILIZATION OF GLYCEROL BY E. COLI 1125

ing the septa with two Luer lock needles—one for oxygen-free argon sparging
(20G X 2 in.; Hamilton Company-USA, Reno, NV) and one for gas efflux (20G X
8 in.; Hamilton Company-USA, Reno, NV). Mixing was achieved through the
rising gas bubbles. The working volume of these modified Hungate tubes was
10 ml.

Prior to use, the cultures (stored as glycerol stocks at —80°C) were streaked
onto LB plates and incubated overnight at 37°C in an Oxoid anaerobic jar with
the CO, gas-generating kit (Oxoid Ltd., Basingstoke, Hampshire, United King-
dom). A single colony was used to inoculate 17.5-ml Hungate tubes completely
filled with medium (MM supplemented with 10 g/liter tryptone, 5 g/liter yeast
extract, and 5 g/liter glycerol). The tubes were incubated at 37°C until an optical
density at 550 nm (ODss,) of ~0.4 was reached. An appropriate volume of this
actively growing preculture was centrifuged, and the pellet was washed and used
to inoculate 350 ml of medium in each fermentor, with the target starting ODss,
of 0.05.

Analytical methods. ODs5, was measured and used as an estimate of cell mass
(1 OD unit = 0.34 g [dry weight]/liter). After centrifugation, the supernatant was
stored at —20°C for high-performance liquid chromatography (HPLC) and nu-
clear magnetic resonance (NMR) analysis (described in the next section). Glyc-
erol, organic acids, ethanol, and hydrogen were quantified as previously de-
scribed (7, 8).

NMR experiments. The identity of the fermentation products was determined
through NMR experiments. Sixty microliters of D,O and 1 pl of 600 mM NMR
internal standard TSP [3-(trimethylsilyl) propionic acid-D4, sodium salt] were
added to 540 pl of the sample (culture supernatant). The resulting solution was
then transferred to a 5 mm-NMR tube, and 1D proton NMR spectroscopy was
performed at 25°C in a Varian 500-MHz Inova spectrometer equipped with a
Penta probe (Varian, Inc., Palo Alto, CA). The following parameters were used:
8,000-Hz sweep width, 2.8-s acquisition time, 256 acquisitions, 6.3-ps pulse width,
1.2-s pulse repetition delay, and presaturation for 2 s. The resulting spectrum was
analyzed using FELIX 2001 software (Accelrys Software Inc., Burlington, MA).
Peaks were identified by their chemical shifts and J-coupling values, which were
obtained in separate experiments in which samples were spiked with metabolite
standards (2 mM final concentration).

An experiment with 50% U-'3C-labeled glycerol was conducted to assess the
incorporation of glycerol into proteinogenic biomass and to verify that fermen-
tation products originate from glycerol and not from tryptone components.
These experiments were conducted using modified Hungate tubes as described in
the section “Culture medium and cultivation conditions.” After 72 h, cultures
were harvested and the fermentation broth was centrifuged. The cell pellets were
washed twice with 9 g/liter NaCl solution and centrifuged again. The resulting
cell pellets were hydrolyzed with 6 N constantly boiling HCI at 110°C for 24 h
using the Reacti-Therm hydrolysis system (Pierce, Rockford, IL). To remove
HCI, the resulting solutions were subjected to rapid vaporization at 75°C under
vacuum for 2 h using the CentriVap system (Labconco Corp., Kansas City, MO).
The dried samples were reconstituted in 1 ml D,O (Cambridge Isotope Labo-
ratories, Cambridge, MA), frozen to —80°C, and subsequently freeze-dried in the
4.5-liter FreeZone freeze-dry system (Labconco Corp., Kansas City, MO) for
24 h. The samples were then reconstituted in 600 pl D,O and filtered to remove
cell particulates. One microliter of TSP standard was added to each sample, and
the contents were transferred to NMR tubes. To determine *C enrichment, the
samples were analyzed using 1D proton spin echo with and without concurrent
90° pulse on carbon (1). The 90° pulse on carbon refocused the '*C carbon atoms,
thereby suppressing the '3C satellites arising due to proton-carbon spin coupling.
This phenomenon did not occur for the '2C carbon atoms. For these experi-
ments, we used the commercially available pulse sequence pwxcal on a 500-MHz
Varian Innova spectrometer (Varian, Inc., Palo Alto, CA). The following pa-
rameters were used: 8,000-Hz sweep width, 2.7-s acquisition time, 256 transients,
and pwx1 of 0 and 90° at 25°C. Individual amino acids were identified based on
chemical shifts and the fine structure of the spectra (9). 1D proton NMR
spectroscopy, performed as described above, was also used to analyze the super-
natant of the 72-h culture to assess whether the fermentation products were
synthesized from glycerol or tryptone components. The sample preparation and
acquisition parameters were those described above for the analysis of fermen-
tation broth through 1D 'H NMR spectroscopy.

Enzyme activities. For enzyme assays, cells were grown on MOPS medium
(see above) supplemented with 10 g/liter glycerol, 5 g/liter yeast extract, and 10
glliter tryptone. Cells were harvested in the late log phase of growth, washed,
resuspended in 0.1 M potassium phosphate buffer, and permeabilized with chlo-
roform (20, 33). For the aerobic G3PDH (a-G3PDH) assay, the cells were grown
aerobically. For the anaerobic G3PDH (an-G3PDH) assay, on the other hand,
cells were grown anaerobically in the presence of 20 mM fumarate. The assay for
measuring an-G3PDH activity is a modification of the assay described by Kistler
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FIG. 2. Fermentation of glycerol by E. coli MG1655 in MM sup-
plemented with 2 g/liter tryptone. (A) Cell density (M and [], for linear
and log-linear plots, respectively) and concentrations of glycerol (A),
ethanol (@), succinic acid (#), and formic plus acetic acids (X). Ad-
ditional measurements of OD taken during the exponential growth
phase are shown in the log-linear plot, along with their fitting to a
straight-line model (least-squares method). (B) 1D '"H NMR spectrum
of the culture medium in a late fermentation sample. (Inset I) Two
peaks at the same chemical shifts as those of methyl protons of 1,2-
PDO (doublet at 1.15 ppm) are shown (*). (Inset IT) Spectra for the
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and Lin (13), utilizing the following final concentrations: 3-(4,5-dimethyl-2-thia-
zolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), 75 uM; phenazine metho-
sulfate, 600 wM; pL-glycerol 3-phosphate, 10 mM; Triton X-100, 0.2%; flavin
adenine dinucleotide (FAD), 10 wM; and flavin mononucleotide (FMN), 1 mM.
The a-G3PDH activity was determined in the same way, except that flavins were
omitted and sodium cyanide (10 wM) was included in the assay. The assays were
monitored spectrophotometrically at 570 nm. The extinction coefficient of re-
duced MTT was 17 mM ™! ecm™!. Linearity of reactions (protein concentration
and time) was established for all preparations. The nonenzymatic rates were
subtracted from the observed initial reaction rates. Results are expressed as
pmol of substrate/min/mg of cell protein and are averages for at least three cell
preparations.

NADH/NAD™ assay. Intracellular levels of NADH and NAD " were measured
via HPLC as previously described (32). The fermentation broth was collected
and centrifuged at 3,200 X g for 10 min. For nucleotide extraction, the cell pellet
was resuspended in 1 ml of ice-cold 0.5 M KOH and kept on ice for 10 min with
intermittent vortexing. This biomass cocktail was centrifuged for 10 min, and 1
ml of 1 M KH,PO, buffer (pH 6.5) was added to the supernatant. The resulting
solution was filtered through a 0.22-wm syringe filter, and 100 wl was analyzed via
HPLC (Spectra System, Thermo Separation Products, Waltham, MA) with Su-
pelcosilTMLC-18-T column (Supelco, Bellefonte, PA). The samples were run
with two different mobile phases indicating two stages of run: inorganic and
organic. A 0.1 M concentration of KH,PO, buffer (pH 6) was used during the
inorganic stage, and after 20 min, the mobile phase was switched to a mixture of
90% 0.1 M KH,PO, buffer (pH 6) and 10% methanol. The resulting chromato-
gram was analyzed using the software Chromquest 4.1 (Thermo Electron, Wal-
tham, MA) to obtain the area of peaks corresponding to concentrations of
NADH and NAD*. Additional samples spiked with nucleotides were analyzed to
verify the identity of the peaks.

Calculation of kinetic parameters. Maximum specific growth rates (uy; h™?)
were estimated by plotting total cell concentration versus time in a log-linear
plot. The slope of the curves thus obtained (a straight line during exponential
growth) was used as the average specific rate. Growth yield (Yy,s; mg cell/g
glycerol) was calculated as the increase in cell mass per glycerol consumed once
the cultures reached the stationary phase.

RESULTS

Anaerobic fermentation of glycerol by E. coli K-12 and B
strains in a low-supplement medium. Our recent studies of
glycerol metabolism in E. coli indicate that this organism is
able to metabolize glycerol in the absence of electron acceptors
(7). To further investigate this metabolic process, we con-
ducted studies in which a low-supplement medium is used,
namely supplementation with 0.3 to 2 g/liter tryptone instead
of 10 g/liter tryptone and 5 g/liter yeast extract in the previous
study (7). Figure 2A shows a typical fermentation profile for
wild-type strain MG1655 in a medium supplemented with 2
g/liter tryptone. Exponential growth was observed for a period
of 24 h, starting when the culture was about 6 h and ending
around 30 h (Fig. 2A [note the excellent fitting to a straight-
line model in the log-linear plot between 6 and 30 h]). The ,,
during exponential growth for the profile shown in Fig. 2A was
0.0419 h™': the average ., of four fermentations was 0.040 +
0.003 h~'. Approximately 2 g/liter of glycerol was left unfer-
mented in the medium of stationary-phase cultures (e.g., Fig.
2A). Tt is noteworthy that no cell growth was observed when
glycerol was omitted from the medium formulation (OD in-
creased by less than 0.05).

time zero sample. (C) 1D "H NMR spectra of the fermentation broth
from a 72-h culture grown on a mixture of 50% U-'*C-labeled and 50%
unlabeled glycerol. The percentage of area of each peak to that of total
area (i.e., sum of all peaks) is shown.
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TABLE 1. Calculation of the fermentation balance for growth of E.
coli MG1655 on glycerol at pH 6.3 and 37°C

Mol of
product/mol
of glycerol”

Substrate
consumed and
products formed

Oxidation Redox  Carbon recovery
state®  balance® (no. of C atoms)?

Glycerol substrate -2.0 -2.0 3.0
Products
Acetic acid 0.012 0.0 0.023
Succinic acid 0.015 +2.0 +0.030 0.060
Carbon dioxide 0.905 +4.0  +3.620 0.905
Hydrogen 0.935 -20 —1.870
Ethanol 0.923 40  —3.692 1.846
Total -1.912 2.834

“ Values are net mol produced per mol of glycerol fermented. Since 50% of
the succinic acid originated from glycerol, the value shown is half of the amount
detected in the fermentation broth. The amounts of formic acid and 1,2-PDO
were undetectable via HPLC and therefore not included in this analysis.

® The oxidation state of carbon atoms was calculated assuming oxidation states
of —2 and +1 for oxygen and hydrogen, respectively (28).

¢ Data in this column were obtained as (mol of product/mol of glycerol) X
oxidation state of carbon atoms.

@ Carbon recovery was calculated as (mol of product/mol of glycerol) X no. of
carbon atoms in molecule.

The identity of the fermentation products was determined
through 1D 'H (proton) NMR spectroscopy analysis of the
extracellular media. Fermentation products identified include
ethanol (two multiplets at 3.66 and 1.19 ppm) and the follow-
ing organic acids: succinic acid (2.444 ppm), acetic acid (1.93
ppm), and formic acid (8.46 ppm) (Fig. 2B). No lactic acid was
detected in the extracellular medium. A doublet was observed
in the spectra of late fermentation samples at a position with
the same chemical shift as that of methyl protons of 1,2-pro-
panediol (1,2-PDO) (doublet at 1.15 ppm: Fig. 2B, inset I).
These results indicate that E. coli has the ability to produce
1,2-PDO as a product of glycerol fermentation. The concen-
tration of glycerol and products identified in the NMR spec-
trum were determined via HPLC, with the exception of 1,2-
PDO, which was quantified via NMR and by using TSP as an
internal standard. We found that about 0.5 = 0.15 mM 1,2-
PDO is present in stationary-phase samples from the culture
shown in Fig. 2A.

We conducted a separate experiment to verify that the prod-
ucts identified above were in fact synthesized from glycerol and
not from tryptone components. To this end, cells were grown
on a mixture of 50% U-'*C-labeled and 50% unlabeled glyc-
erol (10 g/liter of glycerol total). Selected areas of the NMR
spectrum of the supernatant of a 72-h sample from this culture
are shown in Fig. 2C. 1D '"H NMR spectroscopy was used in
these experiments to distinguish between '*C and '*C atoms
(see Materials and Methods for more details). Since *C is
magnetic, protons attached to *C carbons have two different
chemical shifts due to the positive and negative energy levels of
these carbon atoms. Protons attached to '>C atoms will have
chemical shifts in between those of '>C because all '*C atoms
will be at a neutral state. Thus, protons attached to '*C carbon
atoms lead to a central peak structure flanked by two satellite
peak structures that arise from those protons attached to the
13C atoms. The percentage area of '*C satellite peaks to that of
total area would then reflect the '*C enrichment of that carbon
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TABLE 2. Glycerol fermentation by E. coli K-12 and B strains

Mean = SD result for parameter®:
Strain

par (h1) Ys (mg cell/g glycerol)
MG1655 0.040 = 0.003 329+29
W3110 0.031 + 0.002 322+31
MC4100 0.029 = 0.004 549 £ 88
B 0.036 + 0.002 341 +27

“ wy, maximum specific growth rate calculated during exponential growth;
Y, /s, growth yield calculated as the increase in cell mass per glycerol consumed
once the cultures reached stationary phase.

atom. As can be seen from Fig. 2C, the >C enrichment in
ethanol and acetic and formic acids is almost identical to the
fraction of U-">C-labeled glycerol used in the experiment
(~50%), demonstrating that all carbon atoms in these prod-
ucts originated from glycerol. *C enrichment was also ob-
served in the case of succinic acid, although the value was
about half of that observed for the other products (data not
shown).

The quantification of fermentation products allowed the
performance of a fermentation balance analysis, which is pre-
sented in Table 1. The carbon recovered as fermentation prod-
ucts represents approximately 95% of the carbon consumed as
glycerol (2.834/3 = 0.945; see Table 1). Similarly, about 96% of
the reducing equivalents generated during the fermentation of
glycerol were captured in the synthesis of fermentation prod-
ucts (—1.912/—2 = 0.956; see Table 1). This analysis demon-
strates an excellent closure of redox and carbon balances, both
reaching levels similar to those reported for the fermentative
metabolism of other carbon sources such as glucose (28).

Since different E. coli strains vary significantly in their ge-
notype and metabolic capabilities (21, 23), we investigated
whether glycerol fermentation was feasible in other commonly
used strains. Like MG1655, K-12 strains W3110 and MC4100
and E. coli strain B were all able to ferment glycerol (Table 2).
Cell growth and glycerol utilization by these strains were also
observed when the medium was supplemented with lower lev-
els of tryptone. For example, MG1655 grew to an ODs5, of
0.53 and fermented 9 g/liter of glycerol in a medium supple-
mented with 0.3 g/liter of tryptone. Similar results were
achieved by supplementing the medium with a mixture of pro-
teinogenic amino acids at levels similar to those provided by
the tryptone supplementation: i.e., an ODss, of 0.6 and 8.9
g/liter of glycerol fermented were achieved. However, the use
of the aforementioned levels of tryptone or amino acid sup-
plementation resulted in lower cell density and slower fermen-
tation kinetics than those shown in Fig. 2A. Since we did not
observe glycerol fermentation in the absence of supplementa-
tion, we conducted experiments to demonstrate that: (i) glyc-
erol is used in the synthesis of cell mass and (ii) tryptone is not
a source of electron acceptors. Our results are discussed in the
next two sections.

Use of glycerol in the synthesis of cell mass. To investigate
whether glycerol is used in the synthesis of cell mass, we con-
ducted an experiment in which the *C enrichment of proteino-
genic biomass was assessed by using U-'*C-labeled glycerol in
a medium formulation with 2 g/liter of tryptone. *C enrich-
ment of biomass in cells grown on a mixture of 50% U-'3C-
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FIG. 3. NMR spectra of proteinogenic amino acids in cell biomass obtained from experiments with 50% U

U-"*C-labeled (top panels) and

unlabeled (bottom panels) glycerol. The identity of '*C satellites as peaks arising due to labeled carbon was confirmed by performing a
13C-decoupled experiment in which the *C signals were suppressed (middle panels). Marked peaks (arrows) illustrate the incorporation of labeled
carbon into threonine-y (left panels), alanine-B (center panels), and glutamate-y (right panels). Peaks in bottom panels (unlabeled glycerol)

correspond to the natural abundance of >C.

labeled and 50% unlabeled glycerol (10 g/liter of glycerol total)
were compared to a reference culture in which cells were
grown on 100% unlabeled glycerol. The cells from the two
cultures were hydrolyzed to obtain a cocktail of their proteino-
genic amino acids, which was subsequently analyzed via NMR.
To determine their *C enrichment, the samples were analyzed
using 1D proton spin echo with and without concurrent 90°
pulse on carbon as described in Materials and Methods. The
90° pulse on carbon refocuses the '*>C carbon atoms, thereby

suppressing the *C satellites arising due to proton-carbon spin
coupling. The nucleus of '*C is nonmagnetic, and thus protons
attached to '?C would not experience any difference between
the two situations. Therefore, '>C satellite peaks could be
easily identified upon comparison of spectra obtained via these
two methods. The 1D NMR spectra thus obtained for the two
samples (with and without labeled carbon) contained small **C
satellite peaks, which in several cases were hidden below bigger
peaks. However, many of them were well resolved with visible
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TABLE 3. Cellular response (cell growth) to perturbations in
respiratory and fermentative pathways

Mean = SD result for parameter’:

Condition and strain” Yys (mg cell/g

pa (07 glycerol)
Wild type under reference
conditions
MG1655 0.040 = 0.003 329+29
Perturbation of general
respiratory processes
AcydA 0.030 = 0.001 30.5+1.2
AcyoB 0.050 = 0.004 302 x15
MG1655 + 0.5 mM NaCN 0.019 = 0.002 402+ 1.6
MG1655 + 0.5 mM NaNj; 0.027 = 0.002 28.0 = 1.1
Disruption of specific
respiratory processes
AfrdA 0.057 = 0.005 292+ 1.7
AfixA 0.035 £ 0.002 320+ 1.3
AglpA 0.036 = 0.002 30.0 = 1.2
AglpD 0.040 = 0.002 35.6+ 1.4
AglpK 0.033 = 0.007 534 x25
Disruption of fermentative
pathways
Apta 0.029 = 0.002 26.5+ 1.6
AadhE No growth No growth
AadhE (adhE™*)* 0.036 = 0.003 429+29

“ See text for details of products encoded by disrupted genes, evidence that
supports the inactivation of encoded activities/functions, and culture conditions.

by is the maximum specific growth rate calculated during exponential
growth, and Yy is the growth yield calculated once the cells reached stationary
phase.

¢ The AadhE (adhE™) strain expresses AdhE from the IPTG-inducible pT5/lac
promoter of plasmid pCA24NAdhE. Expression was induced with 10 pM IPTG.

13C satellites. Parts of the NMR spectra depicting three of
these resolved areas for each sample are shown in Fig. 3. The
depicted amino acid carbon atoms are threonine-y (left pan-
els), alanine-B (center panels), and glutamate-vy (right panels);
the down arrows point to the '*C satellites for these carbon
atoms. Each panel contains an inset that magnifies the region
of the spectra corresponding to the '*C satellite signals and
which also includes arrows that indicate the peaks of interest.
Since the signals for these satellites were small, their identity
(as peaks arising due to labeled carbon) was confirmed by
performing a '*C-decoupled experiment in which the *C sig-
nals were suppressed (Fig. 3, middle panels). In the case of
unlabeled glycerol (Fig. 3, bottom panels), the *C satellite
peaks constituted about 1% of the total signal, which repre-
sents the natural abundance of this isotope. However, when a
mixture of 50% '*C-labeled and unlabeled carbon was used
(Fig. 3, top panels), the '°C satellites constituted about 11% of
the total signal, indicating that about 20% of these amino acids
in biomass originated from glycerol. Although not shown here
due to space limitations, similar spectra were obtained for
many other carbons corresponding to amino acids in proteino-
genic biomass.

Fermentative nature of glycerol metabolism. The require-
ment of tryptone supplementation also raises questions related
to the fermentative nature of glycerol utilization: i.e., could
compounds present in the tryptone, or generated from it, serve
as electron acceptors? We used several genetic and biochem-
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TABLE 4. a-G3PDH and an-G3PDH activities

Growth and glycerol

-+ ER a
Mean = SD activity measured metabolism®

Strain -
a-G3PDH anGppH ~Acrobic - Fumarate
respiration  respiration
Wild type  0.190 = 0.023  0.072 £ 0.011 + +
AglpD 0.001 = 0.0002 NT - +
AglpA NT 0.008 = 0.001 + -

“ All activities (in wmol of glycerol/min/mg of cell protein) were measured in
MM supplemented with 10 g/liter glycerol, 10 g/liter tryptone, and 5 g/liter yeast
extract. Cells were grown aerobically or anaerobically as indicated in each assay.
For the anaerobic assay, cells were grown in the presence of 20 mM fumarate.
Reported values are averages = standard deviation of triplicate assays. NT, not
tested.

® Growth was tested in MM supplemented with 10 g/liter of glycerol under
aerobic or anaerobic conditions, as indicated. A 20 mM concentration of fuma-
rate was added to test cell growth via fumarate respiration under anaerobic
conditions.

ical strategies to provide conclusive evidence of the fermenta-
tive nature of glycerol metabolism, and the results are summa-
rized in Table 3. Glycerol fermentation was still observed in
mutant strains devoid of genes encoding members of the aer-
obic respiratory chain (AcydA and AcyoB) and when respira-
tory inhibitors cyanide and azide were added to the culture
medium of wild-type MG1655 (Table 3). While these strategies
blocked general respiratory processes, we also evaluated the
effect of blocking more specific respiratory events that could
potentially take place in the presence of tryptone. For example,
fumarate and related C, dicarboxylates can be present in the
tryptone or generated from some of its components through
processes such as the degradation of amino acids. These com-
pounds could then serve as electron acceptors in the respira-
tory metabolism of glycerol (34). Since these respiratory pro-
cesses require an active fumarate reductase (FRD), we
eliminated this activity by disrupting the gene frdA4, which en-
codes a subunit of FRD. The AfrdA mutant produced negligi-
ble amounts of succinate, demonstrating the efficiency of the
mutation, but did ferment glycerol in a wild-type manner (Ta-
ble 3). Carnitine is another compound that, if present or gen-
erated from tryptone components, can serve as electron accep-
tor. Since it is well established that fix4 and fixB mutants are
unable to perform carnitine respiration (35), we tested a Afix4
mutant and demonstrated that its phenotype was indistinguish-
able from wild-type MG1655 (Table 3).

The respiratory metabolism of glycerol in E. coli has been
studied for many years, and it is a well-characterized metabolic
process (2). In the absence of oxygen and presence of other
electron acceptors, a three-subunit enzyme that converts glyc-
erol-3-phosphate (G3P) into dihydroxyacetone-phosphate (an-
G3PDH) is responsible for the respiratory metabolism of glyc-
erol (2) (Fig. 1). We now demonstrate that a mutant devoid of
gene glpA, which is required for the activity of an-G3PDH, was
able to grow on and ferment glycerol (Table 3). an-G3PDH
activity in the AglpA mutant was negligible compared to its
wild-type value (Table 4). Since glpA-encoded an-G3PDH ac-
tivity is known to be required for the anaerobic metabolism of
glycerol in the presence of fumarate (2), we tested wild-type
and AglpA mutant strains for their ability to metabolize glyc-
erol via fumarate respiration. Unlike wild-type MG1655, the
AglpA mutant did not grow on or metabolize glycerol (Table
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4), further demonstrating the efficiency of this mutation. A
second respiratory G3PDH (a homodimeric enzyme encoded
by the glpD gene), which is active under aerobic conditions, has
been reported to mediate glycerol respiration. Although not
relevant to our study (i.e., we use anaerobic conditions), we
ruled out the potential role of the a-G3PDH by demonstrating
that glycerol fermentation proceeded normally in a glpD mu-
tant (Table 3). The lack of a-G3PDH activity in strain AglpD
was also verified through in vitro enzyme assays and by show-
ing that this strain was unable to metabolize glycerol under
aerobic conditions (Table 4). To further demonstrate the non-
essential role of the respiratory pathway, we assessed glycerol
fermentation in a glycerol kinase mutant (glycerol kinase is
also required for the respiratory metabolism of glycerol in
wild-type E. coli [Fig. 1]). Glycerol fermentation was still ob-
served in the AglpK mutant (Table 3). In summary, the results
presented in this section provide conclusive evidence support-
ing the fermentative nature of glycerol metabolism under the
conditions we have reported.

Role of major fermentative pathways. In this section, we
investigate the role of major fermentative pathways, namely
those involved in the synthesis of ethanol, acetate, and succi-
nate. The synthesis of acetate in E. coli is mediated by the
ack-pta pathway (28). The enzyme phosphate acetyltrans-
ferase, encoded by the gene pta, catalyzes the conversion of
acetyl coenzyme A (acetyl-CoA) to acetylphosphate, which is
the first of two steps involved in this pathway (28). Inactivation
of the acetate pathway in E. coli has been shown to be detri-
mental for the fermentative metabolism of some sugars. For
example, Apta mutants are unable to ferment glucose or xylose
(11, 28). Surprisingly, blocking acetate production did not pre-
vent cell growth by glycerol fermentation: the Apfa mutant,
which produced negligible amounts of acetate, grew via glyc-
erol fermentation in a wild-type manner (Table 3). Although in
minor amounts, succinic acid is another product of glycerol
fermentation (Fig. 2). We demonstrated in the previous sec-
tion that the synthesis of this product is not required for glyc-
erol fermentation: the phenotype of a Afrd4 mutant, which
produced negligible amounts of succinic acid, was indistin-
guishable from that of wild-type MG1655 (Table 3).

The homoethanologenic nature of glycerol fermentation (on
a molar basis, ethanol constitutes ~97% of the products found
in the fermentation broth and ~92% of the fermented glycerol
[Table 1]) reflects the highly reduced state of carbon in glycerol
and suggests a central role for this pathway. Indeed, the syn-
thesis of ethanol is strictly required for glycerol fermentation
to proceed as no growth was observed in the AadhE mutant
(Table 3). The AadhE mutant is devoid of the enzyme AdhE,
which encodes an alcohol/acetaldehyde dehydrogenase re-
sponsible for the conversion of acetyl-CoA to acetaldehyde
and acetaldehyde to ethanol (28). When grown in LB medium
supplemented with 10 g/liter of glycerol, the AadhE mutant
produced very small amounts of ethanol, providing evidence
for the inactivation of alcohol/acetaldehyde dehydrogenase
through the adhE mutation. To further support the role of
AdhE, we demonstrated that the AadhE mutant recovered its
ability to grow via glycerol fermentation upon complementa-
tion with a plasmid-encoded AdhE activity [Table 3; AadhE
(adhE™) strain].
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FIG. 4. Effect of pH, carbon dioxide and hydrogen on glycerol
fermentation. Fermented glycerol (line) and cell growth (bars) are
shown. Bar color indicates pH 6.3 (gray) or 7.5 (clear). Values repre-
sent the means and error bars represent the standard deviations for
samples taken once the cultures reached stationary phase. Experi-
ments were conducted at 37°C and using MM supplemented with 10
g/liter glycerol and 2 g/liter tryptone. The composition of the gas
atmosphere is as indicated. The same results were obtained by inclu-
sion of hydrogen as either 20% balance argon or pure hydrogen.

Effect of pH and fermentation gases on the fermentative
metabolism of glycerol. We previously reported that the an-
aerobic metabolism of glycerol in a rich medium required an
acidic pH (7). The use of low supplementation, however, al-
lowed glycerol fermentation to proceed under alkaline condi-
tions as well, albeit less efficiently (Fig. 4). A more detailed
study of the effect of pH showed that optimum glycerol fer-
mentation is achieved by using a pH of 6.3 (data not shown). In
agreement with our previous hypothesis regarding the positive
role of CO, on glycerol fermentation (7), a CO,-enriched
atmosphere promoted this metabolic process under both acidic
and alkaline conditions (Fig. 4). In our previous study, we
hypothesized that H,, a fermentation gas coproduced along
with CO, during the oxidation of formate, could be detrimen-
tal for glycerol fermentation (7). Supporting this hypothesis,
we now show that the use of a closed vessel or the inclusion of
H, in the gas atmosphere (the latter either as 20% H,, balance
argon, or pure hydrogen) reduced glycerol fermentation to
about 50% of that observed with the use of an argon atmo-
sphere (Fig. 4). On the other hand, continuously sparging
argon through the culture medium, a condition that promotes
the stripping of fermentation gases, significantly improved
glycerol fermentation (Fig. 4). Interestingly, the sparged cul-
ture also exhibited a longer exponential growth phase that
extended for a period of 36 h (data not shown).

To further investigate the basis of the negative effect of
hydrogen on glycerol fermentation, we examined pathways in-
volved in its metabolism. It is well known that hydrogenases
mediate the utilization of hydrogen when externally provided
(29). Even in the absence of external electron acceptors, the
hydrogen utilized through the action of hydrogenases can be
channeled to (internally generated) fumarate via the quinone
pool and then readily used as an electron donor in the reduc-
tion of fumarate to succinate, a reaction catalyzed by the en-
zyme FRD (29). If the observed effect of hydrogen were to be
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FIG. 5. Effect of gas atmosphere and hydrogen recycling on the
internal redox state. The Afrd4 mutant is devoid of the enzyme fuma-
rate reductase, which converts fumarate to succinate. Calculated P
values (¢ distribution) for the comparison of the NADH/NAD™ ratios
are also shown.

related to its utilization, as described above, it follows that
mutations affecting the aforementioned process should im-
prove cell growth and glycerol fermentation in the presence of
this gas. To test this inference, we evaluated the Afrd4 mutant,
which as reported in previous sections produces negligible
amounts of succinate, indicating the lack of FRD activity. In
accord with our hypothesis, blocking the FRD activity com-
pletely eliminated the negative effect of hydrogen (Fig. 4). Cell
growth and glycerol fermentation in the Afrd4 mutant in the
presence of hydrogen reached the same levels observed for
MG1655 in the presence of an argon atmosphere (Fig. 4).
Similar behavior was observed during growth of the AfidA
mutant in a closed vessel (data not shown).

Given the highly reduced nature of carbon in glycerol and
the potential impact of hydrogen recycling in the redox state of
the cells (29), we characterized the internal redox state of
wild-type MG1655 and the Afrd4 mutant in both argon and
hydrogen atmospheres. To this end, we measured the intracel-
lular NADH/NAD™ ratio (see Materials and Methods for de-
tails). The inclusion of hydrogen in the gas atmosphere re-
sulted in a twofold increase in the NADH/NAD ™ ratio, and a
significant decrease in this parameter was observed as a result
of the frdA mutation (Fig. 5). To demonstrate the significance
of these changes, we calculated P values (¢ distribution) for the
comparison of NADH/NAD™ ratios and the results are as
follows (strain/gas atmosphere compared shown in parenthe-
ses): P = 0.0007 (MG1655/argon versus MG1655/H,), P =
0.0022 (AfrdA mutant/H, versus MG1655/argon), and P =
0.0359 (AfrdA mutant/H, versus MG1655/H,).

Coproduction of ethanol and hydrogen or ethanol and for-
mic acid from glycerol. When cultivated under acidic condi-
tions (pH 6.3), wild-type strain MG1655 converts glycerol into
ethanol and H,-CO, almost in stoichiometric proportions (Fig.
6). Coproduction of hydrogen along with ethanol makes this
process advantageous when compared to ethanol production
from sugars, as the sugar-based conversion does not offer the
possibility of hydrogen coproduction. Even more beneficial
would be the coproduction of formic acid along with ethanol,
a process that could result in the complete recovery of glycerol
in these products. Since the activity of formate-hydrogen lyase
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FIG. 6. Coproduction of ethanol (solid circles) and H, (gray bars)
and ethanol (solid circles) and formic acid (clear bars) from glycerol in
wild-type and engineered strains. Fermented glycerol (solid bars) and
cell growth (solid triangles) are also shown. Reported values are av-
erages of triplicate measurements, and error bars represent standard
deviations. Argon was used as the headspace gas. HycB is a required
component of the FHL system.

(FHL), the enzyme converting formate to hydrogen and CO,,
is greatly reduced under alkaline conditions (29), we were able
to achieve a significant production of formate at pH 7.5: 56
mM, compared to undetectable amounts of formate at pH 6.3
(Fig. 6). However, cell growth, glycerol fermentation, and eth-
anol production decreased by 10 to 20%. To further improve
formate accumulation, we used a strain that contains a muta-
tion in the AycB gene, which is known to be required for the
activity of FHL (29). The AhycB mutant coproduced ethanol
and formate in almost stoichiometric proportions and close to
the maximum theoretical yield: 78 and 86 mM of formate and
ethanol, respectively, were produced while glycerol consump-
tion and cell growth were at the levels observed at pH 6.3

(Fig. 6).

DISCUSSION

Although it had been believed for many years that glycerol
metabolism in E. coli was restricted to respiratory conditions
(2, 4, 5, 15, 24, 25), we have demonstrated in this study that
glycerol dissimilation in this organism can take place in a
fermentative manner. Our results also indicate that the ability
to anaerobically ferment glycerol is a common metabolic com-
petency among different E. coli strains (Table 2). An NMR
analysis of the fermentation broth allowed identifying the main
fermentation products, which were further quantified via
HPLC. Based on these results, we conducted a fermentation
balance analysis that demonstrated an excellent closure of both
carbon and redox balances. On the other hand, the analysis of
the NMR spectra of proteinogenic biomass from cultures
grown on U-">C-labeled glycerol showed that about 20% of the
carbon incorporated into the protein fraction originated from
glycerol. Assuming the same percentage of incorporation of
glycerol into other cellular fractions, and considering the max-
imum cell concentration reached by the cultures (0.4 g/liter)
and the elemental composition of an E. coli cell (50% carbon),
it follows that about 0.1 g/liter (1.1 mM) glycerol was used in
the synthesis of cell mass. Since the degree of reduction per
carbon in glycerol is 4.7 and that in biomass is 4.3 (cell mass
formula, CH, ,O,sN,,), a degree of reduction analysis (19)
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and PYK, pyruvate kinase.

reveals that the incorporation of 1.1 mM glycerol into cell mass
would result in the generation of about 0.6 mM reducing equiv-
alents (e.g., 0.6 mM NADH). This excess of reducing equiva-
lents cannot be consumed by the ethanol or succinate path-
ways, as the processes involved in conversion of glycerol to
ethanol or succinic acid are redox-balanced processes (Fig. 7).
To achieve redox balance then there must be a pathway result-
ing in the net consumption of reducing equivalents. The syn-
thesis of 1,2-PDO (C;HgO,; degree of reduction per carbon,
5.33) from glycerol (C;HgO5) could provide such a pathway,
which would consume as much as 1 mol of reducing equivalent
per mol of 1,2-PDO synthesized. Interestingly, we identified a
doublet in the NMR spectra of fermentation samples at the

same position of 1,2-PDO methyl protons (Fig. 2A, inset I) and
which we estimated to correspond to about 0.5 mM 1,2-PDO.
Therefore, the synthesis of this amount of 1,2-PDO would be
sufficient to provide a sink for the reducing equivalents gener-
ated in the synthesis of cell mass (about 0.6 mM NADH).
The almost exclusive synthesis of reduced product ethanol
(Fig. 2A) was interpreted as a strong indication that glycerol is
in fact metabolized in a fermentative manner: i.e., the presence
of an electron acceptor would otherwise consume the reducing
equivalents generated from glycerol and significant amounts of
oxidized products (such as acetate) would be produced instead
of ethanol. More direct evidence of the fermentative nature of
glycerol metabolism was provided in studies in which cell
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growth and glycerol utilization were still observed despite
blocking several respiratory processes (Table 3). Of special
relevance is the observation that mutants devoid of key en-
zymes involved in the respiratory metabolism of glycerol were
able to metabolize this carbon source. The latter not only
provides conclusive evidence supporting the fermentative na-
ture of this process but also indicates the existence of alterna-
tive pathways for the fermentative dissimilation of glycerol. In
other studies, currently under way in our laboratory, we have
demonstrated that this alternative pathway is composed of a
type II glycerol dehydrogenase (gldA) and a phosphoenolpyru-
vate-dependent dihydroxyacetone kinase (dhaKLM) (Gonza-
lez et al., unpublished data).

Major determinants of the fermentative metabolism of glyc-
erol: metabolic and environmental factors. While the synthesis
of acetate is required for the fermentation of sugars such as
glucose and xylose (11, 28), this metabolic pathway is nones-
sential during the fermentative metabolism of glycerol (Table
3). The synthesis of ethanol, however, was an absolute require-
ment for glycerol fermentation to proceed (Table 3). Further
inspection of the major pathways active during the fermenta-
tion of glycerol reveals that the synthesis of ethanol is the only
pathway that can perform the two major functions that deter-
mine the fermentative metabolism of a given carbon source,
namely attaining redox balance and generation of ATP via
substrate-level phosphorylation (Fig. 7). The operation of the
ethanologenic pathway results in the net production of 1 ATP
per glycerol metabolized (Fig. 7), which favorably compares
with the ATP yield obtained by fermentation of other sugars.
For example, considering the constraints imposed by the over-
all redox balance, only 0.9 ATP is generated during the fer-
mentative metabolism of xylose (three-carbon basis) (Fig. 7).
While conversion of glycerol to succinate is also a redox-bal-
anced pathway, its contribution to ATP generation is very
limited (34). Perhaps this is the reason why very small amounts
of succinate are synthesized during the fermentation of glyc-
erol (Fig. 2A) and no significant effect is observed when the
conversion of fumarate to succinate is blocked (Table 3). We
then conclude that the ethanologenic pathway is a metabolic
determinant of glycerol fermentation as it ensures the gener-

ation of ATP through a redox-balanced process in the absence
of electron acceptors.

A key environmental determinant for the fermentative me-
tabolism of glycerol is the use of conditions that prevent the
accumulation of fermentation gas hydrogen (Fig. 4). We dem-
onstrated that the negative effect of hydrogen is related to the
reduction of fumarate to succinate, as a strain devoid of the
enzyme FRD was not affected by the presence of this gas (Fig.
4). We also showed that inclusion of hydrogen resulted in a
2-fold increase in the NADH/NAD™ ratio in MG1655 com-
pared to only a 1.6-fold change in the Afrd4 mutant (Fig. 5).
During glycerol fermentation in the absence of externally pro-
vided hydrogen (e.g., argon/nitrogen atmosphere or a closed
vessel), this gas is generated by the disproportionation of for-
mate into CO, and H,, a reaction catalyzed by the enzymatic
complex FHL (28, 29) (Fig. 7 and 8). It has also been shown
that under fermentative conditions, hydrogenase isoenzyme 1
(Hyd-1) or 2 (Hyd-2) can serve the function of recycling the
hydrogen evolved by the FHL complex (6, 27, 29, 30). Based on
our results, we propose that hydrogen recycling takes place
during glycerol fermentation and that this gas is used as elec-
tron donor in the conversion of fumarate to succinate (Fig. 8).
Considering that the conversion of glycerol to succinate is
already a redox-balanced process, the use of hydrogen as an
electron donor creates an excess of reducing equivalents (Fig.
8). The latter could then result in a redox imbalance, as this
excess of reducing equivalents cannot be consumed by any of
the other fermentative pathways: i.e., none of the main path-
ways active during glycerol fermentation represents a “sink” of
reducing equivalents (Fig. 7). Our characterization of internal
redox state accords with this idea as the estimated NADH/
NADT™ ratio increased by twofold due to the inclusion of hy-
drogen (Fig. 5). Moreover, the Afrd4A mutant exhibited an
NADH/NAD™ ratio in a hydrogen atmosphere that was about
20% lower than that found in the MG1655 culture under the
same conditions. Taken together, these results clearly demon-
strate that the negative effect of hydrogen is due to its recycling
and use as electron donor in the reduction of fumarate, a
process that ultimately leads to a significant redox imbalance

(Fig. 8).
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FIG. 9. Anaerobic fermentation of glycerol as a platform for the
production of fuels and reduced chemicals. Synthesis of these products
from glycerol is a redox-balanced or redox-consuming process. The
synthesis of ethanol or butanol along with either CO,-H, or formate
would generate ATP. Engineering the remaining pathways would in-
volve their transformation to either ATP-generating (succinate and
propionate) or ATP-neutral (1,2-PDO and isopropanolamine) path-
ways. The maximum theoretical yield in each case is higher than that
possible from the use of common sugars such as glucose or xylose. The
butanol pathway is not native in E. coli. Abbreviations: AcCoA, acetyl-
CoA; DHAP, dihydroxyacetone phosphate; PEP, phosphoenolpyru-
vate; PYR, pyruvate; and 1,2-PDO, 1,2-propanediol.

Accumulation of hydrogen, and therefore creation of a re-
dox imbalance, could be one of the reasons why the fermen-
tative metabolism of glycerol in E. coli was not previously
observed. Cultivation systems often employed to study the
fermentative behavior of an organism include the use of closed
flasks/tubes completely filled with medium (e.g., Hungate
tubes as described in Materials and Methods). Indeed, we
tested such system (Hungate tubes with no headspace) and
found that glycerol fermentation by MG1655 was significantly
impaired. However, substantial fermentation of glycerol was
observed in the AfrdA mutant, which we have shown avoids the
negative impact of hydrogen by maintaining appropriate redox
conditions (Fig. 4 and 5). These results further support our
conclusion that recycling of molecular hydrogen evolved by the
FHL complex and its use as electron donor in the reduction of
fumarate result in a redox imbalance that negatively affects
glycerol fermentation (Fig. 8).

Fermentative utilization of glycerol in E. coli as a new path
to biofuels and biochemicals. The conversion of low-priced
glycerol streams to higher value products has been proposed as
a path to economic viability for the biofuels industry (38).
Crude glycerol is an inevitable by-product of biodiesel produc-
tion, and has become an attractive carbon source for fermen-
tation processes because of its low price and availability. Given
the higher reduced state of carbon in glycerol compared to
sugars traditionally used in fermentation processes (e.g., the
degree of reduction per carbon for glucose and xylose is 4
compared to 4.67 for glycerol [Fig. 7]), the use of glycerol as
substrate in the production of fuels and reduced chemicals is
very promising (38). This advantage becomes even more sig-
nificant when the industrial organism E. coli, which is consid-

APPL. ENVIRON. MICROBIOL.

ered to be the workhorse of modern biotechnology, is used as
the biocatalyst. Since the feasibility of engineering E. coli for
the production of chemicals and fuels has been extensively
documented (10, 37), our findings will enable the use of met-
abolic engineering strategies to develop E. coli-based platforms
for the anaerobic production of reduced chemicals from glyc-
erol at yields higher than those obtained from common sugars.
Figure 9 presents some examples in which product yields would
be greatly enhanced by the use of glycerol. Our initial results
for the coproduction of ethanol H, and CO, and coproduction
of ethanol and formic acid were discussed in this paper (see
Fig. 6). The development of processes for the production of
these chemicals and fuels would enable the implementation of
true biorefineries and revolutionize the biofuels industry by
greatly improving its economics.
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